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The status of CP violation and the CKM matrix is reviewed. Direct CP violation in B decay has 
been established and the measurement of sin 2/3 in jpK modes reached 5% accuracy. I discuss the 
implications of these, and of the possible deviations of the CP asymmetries in b — > s modes from that 
in ipK. The first meaningful measurements of a and 7 are explained, together with their significance 
for constraining both the SM and new physics in B — B mixing. I also discuss implications of recent 
developments in the theory of nonleptonic decays for B ttK rates and CP asymmetries, and for 
the polarization in charmless B decays to two vector mesons. LBNL-55944 



1 Introduction 

In the last few years the study of CP viola- 
tion and flavor physics has undergone dra- 
matic developments. While for 35 years, 
until 1999, the only unambiguous measure- 
ment of CP violation (CPV) was eK,^ the 
constraints on the CKM matrix^' improved 
tremendously since the B factories turned on. 
The error of sin 2/? is an order of magnitude 
smaller now than in the first measurements 
few years ago [see Eq. (12)]. 

Flavor and CP violation are excellent 
probes of new physics (NP), as demonstrated 
by the following examples: 

• Absence of Kl — > predicted charm; 

• ex predicted the third generation; 

• Amx predicted the charm mass; 

• AmB predicted the heavy top mass. 
From these measurements we know already 
that if there is NP at the TeV scale then it 
must have a very special flavor and CP struc- 
ture to satisfy the existing constraints. 

The question we would like to address is: 
What does the new data tell us? 

1.1 Testing the flavor sector 

In the SM only the Yukawa couplings distin- 
guish between the fcrmion generations. This 
is a coupling to something unknown, which 
we would like to understand better. In the 



SM there are 10 physical quark flavor param- 
eters, the 6 quark masses and the 4 param- 
eters in the CKM matrix: 3 mixing angles 
and 1 CP violating phase.'* Therefore, the 
SM predicts intricate correlations between 
dozens of different decays of s, c, b, and t 
quarks, and in particular between CP vio- 
lating observables. Possible deviations from 
CKM paradigm may upset some predictions: 

• Flavor-changing neutral currents at un- 
expected level, e.g., Bs mixing incom- 
patible with SM, enhanced £'^£~; 

• Subtle (or not so subtle) changes in 
correlations, e.g., CP asymmetries not 
equal in S — > 4'Ks and B (t>Ks\ 

• Enhanced or suppressed CP violation, 
e.g., Bs ip(f>. 

The key to testing the SM is to do many 
overconstraining measurements. A conve- 
nient language to compare these is by putting 
constraints on p and rj, which occur in the 
Wolfenstein parameterization of the CKM 
matrix, 

(Vud Vus Vub \ 
Vcd Vcs Vch = (1) 
Vtd Vts Vtb J 
l-iA^ A A\^p~irj)' 

-A 1 - iA2 

^AX^{1- p-irj) -A\^ 1 

This form is designed to exhibit the hierar- 
chical structure by expanding in the sine of 
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Figure 1. Sketch of the unitarity triangle. 

the Cabibbo angle, A = sin 0c — 0.22, and 
is valid to order A**. The unitarity of Vckm 
implies several relations, such as 



Vud VA + Vcd VI + Vtd Vt 



tb 



0. 



(2) 



A graphical representation of this is the uni- 
tarity triangle, obtained by rescaling the 
best- known side to unit length (see Fig. 1). 
Its sides and angles can be determined in 
many "redundant" ways, by measuring CP 
violating and conserving observables. 

1.2 Constraints from K and D decays 

We know from the measurement of ck that 
CPV in the K system is at the right level, 
as it can be accommodated in the SM with 
an 0(1) value of the KM phase. ^ The other 
observed CP violating quantity in kaon de- 
cay, e^, is notoriously hard to calculate, so 
hadronic uncertainties have precluded pre- 
cision tests of the KM mechanism. In the 
kaon sector these will come from the study of 
K —> nvP decays. The BNL E949 experiment 
observed the third event, yielding^ 



B{K+ ■K+vV) = {lATtlit) X 10" 



10 



(3) 



This is consistent with the SM within the 
large uncertainties, but much more statistics 
is needed to make definitive tests. 

The D meson system is complementary 

to K and B mesons, because flavor and 
CP violation are suppressed both by the 
GIM mechanism and by the Cabibbo angle. 
Therefore, CPV in D decays, rare D decays, 
and D — D mixing are predicted to be small 
in the SM and have not been observed. The 



£)0_£)0 ^Yic only neutral meson mixing gen- 
erated by down-type quarks in the SM (up- 
type squarks in SUSY). The strongest hint 
for £)° - D° mixing is^ 

_ T{CP even) - T{CP odd) 
'^^^ ~ r{CP even) + r{CP odd) 

= (0.9 ± 0.4)% . (4) 

Unfortunately, because of hadronic uncer- 
tainties, this measurement cannot be inter- 
preted as a sign of new physics.^ At the 
present level of sensitivity, CPV would be the 
only clean signal of NP in the D sector. 

2 CP violation in B decays and 

B J/xPKs 

2.1 CP violation in decay 

CP violation in decay is in some sense its 
simplest form, and can be observed in both 
charged and neutral meson as well as in 
baryon decays. It requires at least two am- 
plitudes with nonzero relative weak (0^) and 
strong {5k) phases to contribute to a decay, 

Af^{f\H\B) = Y,Aue''^ e'^\ 



(5) 



If \Aj/Aj\ ^ 1 then CP is violated. 

This type of CP violation is unambigu- 
ously observed in the kaon sector by 0, 
and now it is also established in B decays 
with 5.7(7 significance, 

_ r{B K-Tr+) - T{B K+n-) 



T{B K-TT+)+T{B 
= -0.109 ±0.019, 



K+TT-) 

(6) 

averaging the BABAR,^ BELLE,^ CDF,i° 
and CLEO^^ measurements. This is simply 
a counting experiment: there are a signifi- 
cantly larger number of B° — »■ K'^n~ than 
B° K^TT^ decays. 

This measurement implies that after 
the "iC-superweak" model, now also "B- 
superweak" models are excluded. I.e., mod- 
els in which CP violation in the B sector only 
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occurs in — B^ mixing arc no longer viable. 
This measurement also establishes that there 
are sizable strong phases between the tree 
(T) and penguin (P) amplitudes in charm- 
less B decays, since estimates of \T/P\ are 
not much larger than Ax-.k+- (Note that 
a sizable strong phase has also been estab- 
lished in i? ifjK* }^'^^) Such information 
on strong phases will have broader implica- 
tions for the theory of charmless nonleptonic 
decays and for understanding the B — > K-k 
and TTTT rates discussed in Sec. 6.2. 

The bottom line is that, similar to e^, 
our theoretical understanding at present is 
insufficient to cither prove or rule out that 
the CP asymmetry in Eq. (6) is due to NP. 

2.2 CPV in mixing 

The two B meson mass eigenstates are re- 
lated to the flavor eigenstates via 



\BL,H)=p\B'')±q\B° 



(7) 



CP is violated if the mass eigenstates are not 
equal to the CP eigenstates. This happens 
if \<l/p\ 7^ 1) i-e-, if the physical states are 
not orthogonal, {Bh\Bl) ^ 0, showing that 
this is an intrinsically quantum mechanical 
phenomenon. 

The simplest example of this type of CP 
violation is the semileptonic decay asymme- 
try to "wrong sign" leptons, 

TiB^it) e+x) - r{B^{t) £-x) 



T{BO{t) - 
1 - \q/p\^ 



■ e+x) + r{BO{t) ^ £-x) 

= (-0.05 ± 0.71)% , (8) 



1 + 

implying \q/p\ = 1.0003 ± 0.0035, where this 
average is dominated by a new BELLE re- 
sult. In kaon decays the similar asymmetry 
has been measured, in agreement with the 

expectation that it is equal to 4Reg. 

The calculation of Asl is only possible 
from first principles in the mf, » Aqcd limit 
using an operator product expansion to eval- 
uate the relevant nonleptonic rates. The cal- 
culation has sizable uncertainties by virtue of 



our limited understanding of b hadron life- 
times. Last year the NLO QCD calcula- 
tion of Asl was completed, ^^'^^ predicting 
Ash = —(5.5 ± 1.3) X lO"**, where I aver- 
aged the central values and quoted the larger 
of the two theory error estimates. (The sim- 
ilar asymmetry in the Bs sector is expected 
to be smaller.) Although the experimen- 
tal error in Eq. (8) is an order of magnitude 
larger than the SM expectation, this mea- 
surement already constraints now physics, "'^^ 
as the ml /ml suppression of Asl in the SM 
can be avoided by NP. 

2.3 CPV in the interference between 
decay with and without mixing, 
B J/ipKs and its implications 

It is possible to obtain theoretically clean in- 
formation on weak phases in B decays to cer- 
tain CP eigenstatc final states. The inter- 
ference phenomena between B^ ^ fcp and 
^ B^ ^ fcp is described by 



^fcp — 



1 Afcf 



Vfc 



1 Afcf 



(9) 



P Afcp P ^f^p 

where rjfcp = ±1 is the CP eigenvalue of 
fcp- Experimentally one can study the time 
dependent CP asymmetry, 

r[B°{t)-^f]-T[B°{t)^f] 



(10) 



r[BO(i)^/] + r[BV)^/] 

= Sfcp sin(Amf) — C/^p cos(Amf) , 



where 



Sf 



2Im Xf 



(11) 

If amplitudes with one weak phase dominate 
a decay then a/cp measures a phase in the 
Lagrangian theoretically cleanly. In this case 
Cf = 0, and a/^p = ImA/ sin(Amt), where 
argA f is the phase difference between the two 
decay paths (with or without mixing). 

The theoretically cleanest example of 
this type of CP violation is B 
While there are tree and penguin contribu- 
tions to the decay with different weak phases. 
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the dominant part of the penguin amphtudes 
have the same weak phase as the tree am- 
phtude. Therefore, contributions with the 
tree amphtude's weak phase dominate, to 
an accuracy better than ~1%. In the usual 
phase convention wcgX^Ks — (-B-mixing = 
2/3) + (decay = 0) + (i^-mixing = 0), so we 
expect S^K = sin 2/3 and C^k = to a simi- 
lar accuracy. The new world average is 



sin 2/3 = 0.726 ±0.037, 



(12) 



which is now a 5% measurement. For the 
first time cos 2/3 has also been constrained, 
by studying angular distributions in the time 
dependent B 'ipK*° analysis. BABAR 
obtained" cos 2/3 = +2.72j:°:^° ±0.27, ex- 
cluding the negative cos 2/3 solution at the 
89% CL. With more data, this will elim- 
inate 2 of the 4 discrete ambiguities, cor- 
responding to /3 = (tt — arcsinS'.^,/<-)/2 and 
/3 = (Stt — arcsinS'^i^)/2. 

SipK was the first observation of CP vi- 
olation outside the kaon sector, and the first 
observation of an 0(1) effect that violates 
CP. It implies that models with approximate 
CP symmetry (in the sense that all CPV 
phases are small) are excluded. The con- 
straints on the CKM matrix from the mea- 
surements of Sti,K, \Vub/Vcb\, ^K, B and Bg 
mixing are shown in Fig. 2 using the CKM- 
fitter package.^"' The overall consistency 
between these measurements constitutes the 
first precise test of the CKM picture. It also 
implies that it is unlikely that we will find 
0(1) deviations from the SM, and wc should 
look for corrections rather than alternatives 
of the CKM picture. 

3 Other CP asymmetries that are 
approximately sin 2/3 in the SM 

The b ^ s transitions, such as i? ^ 4>Ks, 
•q'Ks, K^K^Ks, etc., are dominated by 
one-loop (penguin) diagrams in the SM, and 
therefore new physics could compete with the 
SM contributions.^^ Using CKM unitarity 




Figure 2. The present CKM fit. 



we can write the contributions to such decays 
as a term proportional to VcbVj,* and another 
proportional to VubVus- Since their ratio is 
O(A^) ^ 0.05, we expect amplitudes with one 
weak phase to dominate these decays as well. 
Thus, in the SM, the measurements of —rjfSf 
should agree with each other and with S^k 
to an accuracy of order 0.05. 

If there is a SM and a NP contribution, 
the asymmetries depend on their relative size 
and phase, which depend on hadronic matrix 
elements. Since these are mode- dependent, 
the asymmetries will, in general, be differ- 
ent between the various modes, and differ- 
ent from S^K- One may also find C/ sub- 
stantially different from 0. (NP would have 
to dominate over the SM amplitude in order 
that the asymmetries become different from 
the SM and equal to one other.) 

The averages of the latest BABAR^^ and 
BELLE24 results are shown in Table 1. The 
two data sets are more consistent than before, 
so averaging them seems meaningful at this 
time. The single largest deviation from the 
SM is in the rj'Ks mode, 

^^A'-S'^'/fs =0.31 ±0.12, (13) 

which is 2.6(7. The average CP asymmetry 
in all 6 — > s modes, which also equals S^k in 
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Table 1. CP asymmetries for which the SM predicts — r;j5y ~ sin 2/3. The 3rd column contains my estimates 
of limits on the deviations from sin 2/3 in the SM (strict bounds are worse) , and the last two columns show 
the world averages. (The CP-even fractions in K~^K~Ks and D*'^D*~ are determined experimentally.) 



Dominant 


final 


SM upper limit on 


Vfcp^fcp 




process 


state 


\-VfcpSfcp -sin2/3| 


b CCS 


^Ks 


< 0.01 


+0.726 ±0.037 


+0.031 + 0.029 


b ccd 




~ 0.2 


+0.40 ± 0.33 


+0.12 + 0.24 




D*+D*- 


~ 0.2 


+0.20 + 0.32 


+0.28 + 0.17 


b sqq 




~ 0.05 


+0.34 + 0.20 


-0.04 + 0.17 




ri'Ks 


~ 0.1 


+0.41 + 0.11 


-0.04 + 0.08 




K+K-Ks 


~ 0.15 


+0.53 + 0.17 


+0.09 + 0.10 




TT^Ks 


~0.15 


+0.34 + 0.28 


+0.09 + 0.14 




foKs 


~0.15 


+0.39 + 0.26 


+0.14 + 0.22 




u)Ks 


~0.15 


+0.75 + 0.66 


-0.26 + 0.50 



the SM, has a more significant deviation, 
S^K - {-VfSf(b^s)) = 0.30 ± 0.08 . (14) 

This 3.5(7 effect comes from 2.7a at BABAR 
and 2.4(7 at BELLE. It is a less than 3.5<t 
signal for NP, because some of the modes in- 
cluded may deviate significantly from in 
the SM. However, there is another 3.1cr effect, 

S^K - {Sr,'Ks,^Ks) = 0.33 + 0.11 . (15) 

The entries in the third column in Ta- 
ble 1 show my estimates of limits on the devi- 
ations from S^K in the SM. The hadronic ma- 
trix elements multiplying the generic 0(0.05) 
suppression of the "SM pollution" are hard 
to bound model independently,^^ so strict 
bounds are weaker, while model calculations 
tend to obtain smaller limits. I attempted to 
list reasonable benchmarks for each mode. 

3. 1 Implications of the data 

To understand the significance of Eq. (13) 
and (15), note that a conservative bound us- 
ing SU (3) flavor symmetry and (updated) ex- 
perimental limits on related modes givcs^®' 
\S^K-Sn'Ks I < 0-2 in the SM. Most other es- 
timates obtain bounds a factor of two smaller 
or even better (these axe also more model de- 
pendent). Thus we can be confident that, if 
established at the 5a level, Srj'Ks ~ 0-4 would 



be a sign of NP. (The deviation of S^Ks from 
S-ii,K is now less than 2a, but there is room 
for discovery, as the present central value of 
S^K with a smaller error could still estab- 
lish NP.) The largest deviation from the SM 
at present is the 3.5a effect in (—ilf^fib^s))- 
Such a discovery would exclude in addition 
to the SM, models with minimal flavor vio- 
lation, and universal SUSY models, such as 
gauge mediated SUSY breaking. 

In the last few years the central value of 
S^Ks got closer to S^.K, while Sri'Ks got fur- 
ther from it, disfavoring models in which NP 
enters S^Ks but not Srj>Ks- This includes 
models of parity-even NP, which would affect 
B (pKs (odd odd) but not B rfKs 
(odd — > even). This happens, for example, 
in a left-right-symmetric SUSY model, if the 
LRS breaking scale is high enough so that di- 
rect effects from the Wp, sector are absent.^* 
This scenario is disfavored also because the 
K^K~Ks final state is P-odd, just like 4>Ks. 

Model building may actually become 
more interesting with the new data. The 
present central values of Sn'Ks ^^nd S^Ks can 
be reasonably accommodated with NP, such 
as SUSY (unlike 0(1) deviations from S^Ks)- 
While i? — > mainly constrains LR mass 
insertions, penguins shown in Fig. 3 involv- 
ing RR (and LL) mass insertions can give 
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(^23)rr». 




R,L 



R,L 



Figure 3. A SUSY contribution to fe sss. 

sizable effect in 6 ^ s transitions. How- 
ever, as of this conference, we also know that 
B{B XJ+g-) = (4.5 ± 1.0) X agrees 
with the SM at the 0(20%) level,^^ which 
gives new constraints on the RR and LL mass 
insertions (replace g —>^ Z and ss — > £^£~). 

4 Measurements of a and 7 

To clarify notation, I'll call a 7-measurement 
the determination of the phase difference be- 
tween 6 — > u and b —^ c transitions, while 
a will refer to the measurements of 7 in the 
presence oi B — B mixing (a = tt — /? — 7) . In- 
terestingly, the methods that give the best re- 
sults were not even talked about before 2003. 

a from B tttt 

In contrast to i? — > ■0-^7 which is dominated 
by amplitudes with one week phase, it is now 
well-established that in B —> tt+tt^ there are 
two comparable contributions with different 
weak phases. Therefore, to determine a 
model independently, it is necessary to carry 
out the isospin analysis. ■^^ The hardest ingre- 
dient is the measurement of the tt^tt" mode, 

B{B 7r°7r") = (1.51 ± 0.28) x 10"*^ , (16) 

and in particular the need to measure 
the CP-tagged rates. At this conference 
BABAR32 and BELLE^ presented the first 
such measurements, giving the world average 

— ^ ^ = 0.28 ±0.39. 

T{B ^ 7r"7r") + r{B tt^ttO) 

(17) 

Thus, for the first time, we can deter- 
mine from the isospin analysis (with sizable 
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Figure 4. Constraints on a — ctefr- 



error) the penguin pollution, a — acs [2aog = 
a-rgK+TT- = arcsin(5^+^-(l-C^+^_)-i/2)]. 
In Fig. 4, the blue (shaded) region shows the 
confidence level using Eq. (17), while the red 
(thick solid) curve is the constraint without 
it. We find \a - aeffi < 37° at 90% CL, a 
small improvement over the 39° bound with- 
out Eq. (17); so it will take a lot more data to 
determine a precisely. The interpretation for 
a is unclear at present, due to the marginal 
consistency of the S'tt+tt- data; see Table 2. 

Table 2. CP violation in B ^ tt+tt". 



B vr+vr- 




BABAR 
BELLE 
average 


-0.30 ±0.17 -0.09 ±0.15 
-1.00 ± 0.22 -0.58 ±0.17 
-0.61 ±0.14 -0.37 ±0.11 



.2 a from B 



PP 



B ^ pp is more complicated than B — > tttt 
in that a vector-vector (VV) final state is a 
mixture of CP-even {L — and 2) and -odd 
(L = 1) components. The B — > tttt isospin 
analysis applies for each L in B —t pp (or in 
the transversity basis for each a — 0, ||,±). 
The situation is simplified dramatically by 
the experimental observation that in the 
p+p" and p^ p'^ modes the longitudinal polar- 
ization fraction is near unity (see Sec. 6.1), so 
the CP-even fraction dominates. Thus, one 
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can simply bound a — UcS from'^^ 

B{B p°p°) < 1.1 X 10^6 (90% CL) . (18) 

The smallness of this rate imphes that a — 
tteff in B pp is much smaher than in 
B — > TTTT. To indicate the difference, note 
that B{B T:°TT°)/BiB tt+tt°) = 0.27 ± 
0.06, while B{B ^ p°p°)/B{B -> p+p°) < 
0.04 (90% CL). FromS'p+p- and the isospin 
bound on a — BABAR obtains^'^ 

a==96±10±4±ll°(a-acff). (19) 

Ultimately the isospin analysis is more com- 
plicated in i? — > than in tttt, because the 
nonzero value of Tp allows for the final state 
to be in an isospin-1 state. ^'^ This only af- 
fects the results at the ©(r^/m^) level, which 
is smaller than other errors at present. With 
higher statistics, it will be possible to con- 
strain this effect using the data.'^^ 

4-3 a from B p-K 

In the two-body analysis isospin symmetry 
gives two pentagon relations. '^^ Solving them 
would require measurements of the rates and 
CP asymmetries in all the B P'^t^~, 
/9^7r+, and p'^n'^ modes, which is not avail- 
able. While BABAR set a 90% CL upper 
bound^e B{B p°TT°) < 2.9 x lO^^, BELLE 
measured^^ B{B p°tt°) = (5.1±1.6±0.9) x 
10~^. The two experiments agree on the di- 
rect CP asymmetries,^^' and their average 



A. 



-0.48 



+0.13 



p-r — w.T:^_g , 

A^+p- = -0.15 ±0.09, (20) 

is 3.6a from no direct CP violation, {A^-p+, 
A^+p-) = (0,0). With assumptions about 
factorization and SU{3) flavor symmetry, one 
can obtain a — (95 ± 6(oxp) i 15(th))°>'^^ but 
here the error is theory dominated. 

At this conference BABAR showed the 
first Dalitz plot analysis'**^ of the the interfer- 
ence regions in i? — > Tr+vr^Tr" to determine'^^ 

a= (113;?7±6)°, (21) 

which uses less assumptions than the extrac- 
tion of a from the two-body measurements. 



B — > JtH (BABAR and Belle) 

"="EP2™4 B^pji □Combined 

B^pp i-»H CKIVl fit 




20 40 60 80 100 120 140 160 180 

a (deg) 

Figure 5. Confidence levels of the a measurements. 



4.4 Combined determination of a 

The combination of these measurements of 
a is shown in Fig. 5. Due to the marginal 
consistency of the St^+tt- data, I quote the 
average of Sp+p- and the pn Dalitz analysis, 

a = (103 ±11)°. (22) 

Including a extracted from B nir would 
make only a small difference at present, shift- 
ing a to (100^10)°- interesting to note 
that the direct determination of a in Eq. (22) 
is already more precise than it is from the 
CKM fit, which gives q = (98 ± 16)°. 

4.5 7 from B^ ^ DK^ 

The idea is to measure the interference of 
B- -> D^K- {b -> cus) and B' D^R- 
{b — > ucs) transitions, which can be stud- 
ied in final states accessible in both D'^ and 
decays.'*^' ''^ In principle, it is possible to 
extract the B and D decay amplitudes, the 
relative strong phases, and the weak phase 7 
from the data. 

A practical complication is that the am- 
plitude ratio 

_ A{B- WK-) 



A{B- 



D°K-) 



(23) 



is expected to be small. To make the two in- 
terfering amplitudes comparable in size, the 
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Figure 6. Monte Carlo study of the correlation of 
rB and the error of 7.''® The central values of the 
BABAR and BELLE measurements are shown, to- 
gether with an upper bound from the ADS analysis. 



ADS method'''^ was proposed to study fi- 
nal states where Cabibbo-allowed and dou- 
bly Cabibbo-suppressed D decays interfere. 
While this method is being pursued experi- 
mentally, some other recently proposed vari- 
ants may also be worth a closer look. If tb 
is not much below ~0.2, then studying singly 
Cabibbo-suppressed D decays may be advan- 
tageous, such as S± -> K^{KK*)d-^^ In 
three-body B decays the color suppression of 
one of the amplitudes can be avoided. 

It was recently realized^^' that both D'-^ 
and have Cabibbo-allowed decays to cer- 
tain 3-body final states, such as Kstt'^tt" . 
This analysis has only a two-fold discrete am- 
biguity, and one can integrate over regions 
of the Dalitz plot, potentially enhancing the 
sensitivity. The best present determination 
of 7 comes from this analysis. BELLE ob- 
tained from 140 fb"^ data''^ 

7 = 77ti^±13±ll°(mode0, (24) 



while BABAR found from 191 fb"^ data"*' 

7 = 88±41±19±10° {model) . (25) 

The sizable difference in the errors in these 
measurements is due to the large correlation 
between the error of 7 and the value of rg, 
as shown in Fig. 6. While BELLE found^" 
rs = 0.26t[5:i5 ± 0.03 ± 0.04, BABAR ob- 
tained TB < 0.18 (90% CL), with the cen- 
tral values shown in Fig. 6. From the ADS 




Figure 7. CKM fits including a and 7 measurements. 



analyses 90% CL upper bounds on were 
obtained, rs < 0.23 at BABAR'**' and tb < 
0.28 at BELLE. These analyses are consis- 
tent with each other at the 1 — 1.5cr level, but 
it will take more data to pin down rs and 
determine 7 more precisely. 



5 Implications of the first a and 7 
measurements 

Since the goal of the B factories is to overcon- 
strain the CKM matrix, one should include in 
the CKM fit all measurements that are not 
limited by theoretical uncertainties. The re- 
sult of such a fit is shown in Fig. 7, which 
includes in addition to the inputs in Fig. 2 
the following: (i) a from B ^ pp and from 
the pTT Dalitz analysis, (ii) 7 from B DK 
(with D KsTT^TT~), and (iii) 2/3 + ^ from 
B D^*'>^n^ measurements. 

The best fit region in Fig. 7 shrinks only 
slightly compared to Fig. 2. An interesting 
consequence of the new fit is a noticeable 
reduction in the allowed range of Bg — Bg 
mixing. While the standard CKM fit gives 
Am, = (I7.9^i"7^ [-'"s"') P^"' 1^ [2*^]' 
new fit gives Am, = -^tlX tfyf ) PS"^ 



-1.4 [-2.7] 
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Figure 8. Allowed regions in the p — r] plane (top) and the — 20^ plane (bottom) in the presence of new 
physics in B — B mixing. The left [right] plots are the allowed regions without [with] the new constraints on a, 
7, cos 2/3, and 2/3 + 7. The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05, respectively. 



5. 1 New physics in — mixing 

These new measurements give powerful con- 
strain new physics. In a large class of models 
the dominant NP effect is to modify the i?° — 
B^ mixing amplitude, that can be parameter- 
ized^i as M12 = M^^Kle^'^-' . Then, e.g., 
Ams = rl^m!~^'^\ S^k = sin(2/3 + 29d), 
Sp+p- = sin(2a - 29d), while \Vub/Vcb\ and 
7 extracted from B DK are tree-level 
measurements which are unaffected. Since 9d 
drops out from a + f3, the measurements of 
a, together with /?, are effectively equivalent 
in these models to NP-independent measure- 
ments of 7 (up to discrete ambiguities). 



Figure 8 shows the fit results using only 
\Vub/Vcb\, Ams, S^,K, and Asl as inputs 
(left) and also including the measurements of 
a, 7, cos 2/3, and 2/3 + 7 (right) in the p — 77 
plane (top) and the — 2dd plane (bottom). 
The new data determines p and rj from (ef- 
fectively) tree-level B decays, independent of 
mixing, and agrees with the other SM con- 
straints. The allowed region in the — 29d 
parameter space has shrunk immensely. 
The somewhat disfavored "non-SM region" 
around 29d - 80° (CL < 20%) is due to the 
T] <0 region in the top right plot and discrete 
ambiguities. Thus, NP in B^ — B^ mixing is 
severely constrained now for the first time. 
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6 Theoretical developments 

B physics is not only a groat place to look for 
new physics, it also allows us to study the in- 
terplay of weak and strong interactions in the 
SM at a level of unprecedented detail. There 
arc many obscrvablcs very sensitive to NP, 
and the question is whether we can disentan- 
gle possible signals of NP from the hadronic 
physics. In the last few years there has been 
significant progress toward a model indepen- 
dent theory of certain exclusive nonleptonic 
decays in the ms ^ Aqcd limit. 

While the theory of nonleptonic B decays 
is most developed for heavy-to-heavy decays 
of the type B d^*)'k^'^-^^ and Ab ^ A^tt 
or ScTT,^^ here we concentrate on charmless 
B decays, as these are the most sensitive to 
new physics. There are several approaches. 
The soft form factor and hard scattering con- 
tributions are of the same order in the 1 /mb 
power counting. Both Beneke et al.^^ and 
Keum et al.^'^ make assumptions about the 
as suppression of one or the other term. An 
SCET^^ analysis finds the two terms compa- 
rable,^^ but predictive power is retained. 

One of the most contentious issues is the 
role of charm penguins, and whether strong 
phases are small. {Ak-tx+ in Eq. (6) tells ns 
that some strong phases are large.) As far as 
I can tell, no suppression of the long distance 
part of charm penguins has been proven. In 
the absence of such a proof, wo should view 
this as a nonperturbative 0(1) term that 
can give rise to many "unexpected" things, 
such as strong phases.'"'^ (Note that whether 
one talks about "long distance charm loops" , 
"charming penguins" , or "DD rescattering" , 
it's all the same thing with different names.) 

6.1 Polarization in charmless B VV 

It has been argued^^ that the chiral structure 
of the SM and the heavy quark limit imply 
that charmless B decays to a pair of vector 
mesons, such as B <t>K* , pp, and pK* must 
have longitudinal polarization fractions near 



Table 3. Longitudinal polarization fractions in 
charmless B VV decays. 



B decay 


Longitudinal polarization 
BELLE BABAR 


p-p+ 
p"p+ 

LUp'^ 


"-"•^^-0.04 

0.95 ±0.11 0.97+o S3^ 


p''K*+ 

p-R*" 


0.50 ± 0.20 0.79 ±0.09 


(l)K*+ 


0.52 ±0.08 0.52 ±0.05 
0.49 ±0.14 0.46 ±0.12 



unity, /l = 1 — 0(l/m^). It is now well- 
established (see Table 3) that in the penguin 

dominated (t>K* modes /l sa 0.5. We would 
like to know if this is consistent with the SM. 

Recently several explanations were pro- 
posed why the data may be consistent with 
the SM.59'61.64.65 g(^Erp ^j^g charm pen- 
guins, if they indeed have an unsuppressed 
long distance part, can explain the data.^® 
The d's'^D^*^ rescattering*'" can be viewed as 
a model calculation of this effect. It has also 
been argued that there are large ©(l/m^) ef- 
fects from annihilation graphs;^^ however, if 
this is to explain an 0(1) effect in then 
the validity of the whole expansion should be 
questioned. Unfortunately it may be difficult 
to experimentally distinguish between these 
two proposals, as they appear to enter differ- 
ent rates in the same ratios. 

While the fL{4>K*) data may be a re- 
sult of a new physics contribution (just like 
Aji-^+), we cannot rule out at present that 
it is simply due to SM physics. 

6.2 B ^ K-K branching ratios and CP 
asymmetries 

B Kit decays arc sensitive to the inter- 
ference of 6 ^ s penguin and b ^ u tree 
processes (and possible new physics). The 
SM contributions that interfere have different 
weak and possibly different strong phases, so 
the challenge is if one can make sufficiently 
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Table 4. World average CP-averaged B 
branching ratios, and CP asymmetries. 



Decay mode 


B [10-6] Acp 


W ^ t:+K- 
B- n^K- 
B- ^ TT-K" 
B° ^ 7r°K° 


18.2 ±0.8 -0.11 ±0.02 
12.1 ±0.8 +0.04 ±0.04 

24.1 ±1.3 -0.02 ±0.03 
11.5 ±1.0 +0.00 ±0.16 



precise predictions to do sensitive tests. 

The world average branching ratios and 

CP asymmetries are shown in Table 4. Be- 
sides the 5.7a measurement of ^4.^-^+, an- 
other interesting feature of the data is the 
3.3(7 difference, Aj^-^o — Aj(-^+ — 0.15 ± 
0.04. This implies, assuming the SM, that 
"color-allowed" tree amplitudes do not domi- 
nate over "color-suppressed" trees (plus elec- 
trowcak penguins) . While this may be a chal- 
lenge for some approaches, in SCET it is nat- 
ural that color-allowed and -suppressed trees 
are comparable in charmless B decays. 

Concerning the branching ratios, I have 
been warned by several experimentalists that 
their interpretation should be handled with 
care." There are four ratios that have been 
extensively discussed in the literature, ^^^'''^ 



^ B(B+ TT°K+) + B{B- -> TT^K-) 
' B{B+ TT+RO) + B{B- TT-RO) 
= 1.004 + 0.084, 
^ ^ 1 B{B^ -K-K+) + B{W n+K-) 
" " 2 B{B" TT^KO) + ^ ttO^O) 



R 



= 0.789 + 0.075, 
_ T{B° ^TT-K+) 



Rl = 2 



T{B+ TT+Z^O) + T{B- -K-K^) 
= 0.820 + 0.056, 



r{B- TT-KO) + r{BO 

= 1.123+0.070, 



TT+K-) 
(26) 



"Until last Summer, BABAR and BELLE used in 
these decays Monte Ccirlo simulations without treat- 
ment of radiative corrections.®® This may underesti- 
mate the rates for modes with light charged particles. 

BABAR's new results include corrections due to such 
effects, but B{B'^ ir^K^) has not been updated. 



where T = B/t, and T in the last equation 
denotes the CP-averaged widths. These ra- 
tios are interesting, as their deviations from 
unity are sensitive to different corrections to 
the dominant penguin amplitudes. 

The pattern of these ratios is quite dif- 
ferent from what it was before ICHEP: Rc 
and Rl became significantly closer to unity, 
while R's deviation from unity increased. 
This seems to disfavor new physics expla- 
nations,^''' according to which NP primar- 
ily modifies electroweak penguin contribu- 
tions. This is because electroweak penguins 
are color allowed in the modes involving w^'s, 
that enter Rc, while they are color suppressed 
in the other ones, such as those in R. 

Since R is significantly below unity, at 
present the Fleischer-Mannel bound®^ is in- 
teresting again, giving 7 < 75° (95% CL). 

It will be fascinating to understand the 
theory in sufficient detail to sort out what the 
data is telling us, and also to see where the 
measurements will settle. 

7 Outlook 

Having seen these impressive measurements, 
one should ask where we go from here in fla- 
vor physics? Whether we see in the next few 
years stronger signals of flavor physics be- 
yond the SM will certainly be decisive. ''^ The 
existing measurements could have shown de- 
viations from the SM, and if there are new 
particles at the TeV scale, new flavor physics 
could show up "any time". In fact, we do 
not know whether we are seeing hints or just 
statistical fluctuations in the Sb^s data. 

For BABAR and BELLE, reducing the 
error of S^k to the few percent level has been 
a well-defined target. The data sets have 
roughly doubled each year for the past several 
years, and will reach 500 — 1000 fb"^ each in 
a few years, possibly allowing for unambigu- 
ous observation of NP if the central values do 
not change too much. If NP is seen in flavor 
physics then we will certainly want to study 
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Table 5. Some interesting measurement that are far from being theory limited. The errors for the CP asym- 
metries in the first box refer to the angles in parenthesis, assuming typical values for other parameters. 



Measurement (in SM) 


Theoretical limit 


Present error 




~0.2° 


1.6° 


B^ct>Ks, v^'^Ks, ... (/3) 


~ 2° 


~ 10° 


B TTTT, pp, yOTT (a) 


- 1° 


- 15° 


B DK (7) 


< 1° 


~ 25° 


B,^i,<f> (/3,) 


~0.2° 




Bs^DsK (7-2/3«) 


< 1° 




\Vcb\ 


- 1% 


-3% 


\Vub\ 


-5% 


~ 15% 




~5% 


-10% 


B -> X.J+1- 


-5% 


~20% 


B XsvV,K(*^vv 


-5% 




— > n'^uu 


~5% 


~70% 


Kl TT^UU 


<1% 





it in as many different processes as possible. 
If NP is not seen in flavor physics, then it 
is interesting to achieve what is theoretically 
possible, thereby testing the SM at a much 
more precise level. Even in the latter case, 
flavor physics will give powerful constraints 
on model building in the LHC era. 

The present stattis and (my estimates of) 
the theoretical limitations of some of the the- 
oretically cleanest measurements are summa- 
rized in Table 5. It shows that the sensitiv- 
ity to NP is not limited by hadronic physics 
in many measurements for a long time to 
come. One cannot overemphasize that the 
program as a whole is a lot more interest- 
ing than any single measurement, since it is 
the multitude of "overconstraining" measure- 
ments and their correlations that are likely to 
carry the most interesting information. 

8 Conclusions 

The large number of impressive new results 
speak for themselves, so it is easy to summa- 
rize the main lessons we have learned: 

• sin 2/3:= 0.726 ±0.037 

implies that the overall consistency of 
the SM is very good, and the KM phase 



is probably the dominant source of CPV 
in flavor changing processes; 

• 5^K-(-r//5/(fa_,)) =0.30±0.08(3.5a) 
and S^K - Sn'Ks = 0-31 ± 0.12 (2.6a) 
imply that we may be observing hints 
of NP in 6 ^ s transitions, since the 
present central values with 5a would be 
quite convincing; 

• Ak-^+ = -0.11 ± 0.02 (5.7(t) 

implies that "-B-superweak" models are 
excluded and that there are large strong 
phases in some charmless B decays; 

• First measurements of a and 7 

imply that the direct measurement of a 
is already more precise than the indirect 
CKM fit, and finally we have severe con- 
straints on NP in B — B mixing. 
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